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tionship between lung recoil and maximum expiratory flow. J AppI SUMMARY In preparation for the measurement of blood pressure in children of a total geographic community, several preliminary studies of the validity and reliability of various methods and instruments for indirect blood pressure measurements were performed. These studies included Graeco-Latin Square designs, ex- amination of children in a field setting, and assessments of the replicability of reading automatically recorded blood pressures.
THE IMPORTANT ROLE OF MASS SURVEYS in detecting individuals with hypertension has stimulated an interest in improving techniques and instruments for measuring indirect blood pressure. As new technology is applied,' new insights are gained into the pathophysiology of blood pressure control,2 furthering the need for improved methods that will obtain valid and reliable indirect measurements. Although automatic instruments could reduce such factors as examiner fatigue and observer bias in measuring blood pressure, a recent report suggests8 that the available instruments are not adequate for use in epidemiologic studies. Our studies do not support this conclusion.
In preparing for an extensive survey of cardiovascular risk factors in children, we investigated the currently available automatic blood pressure instruments for measurement reliability. The mercury sphygmomanometer was considered the general reference instrument since it is so widely used by physicians; however, several questions were posed: 1) Are there differences among commonly used instruments that are comparable to the standard mercury sphygmomanometer? 2) Do examiners using the same instruments on the same subjects obtain different measurements? 3) Which instruments would be most satisfactory for studying children, Each of the studies was designed to monitor the validity and replicability of instruments, methods, and observers. Controlling for subject, we computed biases due to instrument, method and observer and, where possible, eliminated them in the ensuing studies. One automatic instrument, the Physiometrics recorder, was selected and used in conducting epidemiologic studies where it complements the measurements by the mercury sphygmomanometer.
especially in a large survey? 4) In a complete field setting, will the measurements be similar to those obtained under a rigidly controlled statistical design? 5) Can the graphic recordings of automatic measuring devices be interpreted without reader bias? 6) Can differences among equally trained readers be explained?
Materials and Methods
In these studies a number of instruments were used in several experimental designs ( Random-Zero (Hawksley). This device is similar to the Baumanometer, but has in addition a pressure changing device between manometer column and mercury reservoir, which allows the examiner to obtain blind readings from the examinee and avoids bias of readings by observers.11"12
Designs and Results

A. Familiarization of Investigator with Instrument Differences
Twice during this preliminary testing period one investigator studied various blood pressure measuring devices. In conducting the study session, the order of use of instruments was randomized. In one series, 13 subjects were observed on each of three instruments -Baumanometer, Physiometrics, and Arteriosonde. A similar series was conducted on 12 subjects with these three instruments (the Arteriosonde instrument was replaced because it produced low readings in some of the earlier studies) plus a Zero Muddler. Differences between means, each based on the average of three readings per instrument, were tested. Although in both studies the mean systolic reading for the Baumanometer was highest, none of the differences among the means were significant. Similarly, the mean diastolic readings for each instrument did not differ significantly, although the mean readings on the Arteriosonde were lower.
The readings from the Physiometrics, Arteriosonde, and Zero Muddler were compared to that of the Baumanometer. In all cases the correlation coefficients were very high, 0.86-0.95. This was to be expected since there was a wide range in blood pressures of the subjects, and one investigator took all readings in a nonblind manner. This approach does provide a rapid and subjective evaluation of available instruments for a research survey of blood pressure.
B. Graeco-Latin Squares
This design utilized three-factor blocking and randomization of all treatments for each replication of an experiment. Implementation of this design required n examiners to measure the blood pressure of n examinees with n instruments during n time periods. During the course of a yearlong testing period, four implementations of such designs each incorporated a unique combination of examiners, instruments, and examinees. Each study was conducted with specific protocols that included standards for cuff selection and methods of taking and recording blood pressure. When possible, first, fourth, and fifth phase Korotkoff sounds or their equivalents were obtained. Since not all instruments allowed fifth phase measurements, diastolic refers generally to the fourth phase. The following studies and observations are briefly presented as examples of the use of this design under various conditions.
Five Similar Instruments
A study was conducted at Louisiana State University Medical Center (LSUMC) using five mercury sphygmomanometers. Since this was the initial experiment to train examiners to use this instrument and this statistical design, five adults instead of children were used as examinees. It was thus possible to compare five similar instruments in a highly controlled situation. Three physicians and two medical students were used as examiners. Preliminary sessions were conducted to organize and train staff in the flow of personnel and the recording of observations. Three readings were obtained at each station by each observer. The entire experiment was replicated twice.
The hypothesis that the mean readings from each instrument were the same was rejected (P < 0.01) for both systolic and diastolic readings. The means of readings from the two replications ranged from 123.8-131.8 mm Hg systolic and 85.1-93.9 mm Hg diastolic. Two of the instruments appeared to give lower readings than the other three. The null hypothesis of no difference among examiners was rejected (P < 0.01) for systolic and diastolic readings. The means for the five examiners ranged from 122.4-130.1 mm Hg systolic and 84.7-94.8 mm Hg diastolic.
Since multiple readings were taken at each of the stations during each time period, the precision (measurement error) of each of the sphygmomanometers could be compared. This is a pseudo-precision since multiple readings on each sphygmomanometer could not be obtained in a blind manner. The standard deviations for a pseudo-measurement error for each of the five instruments showed no statistically significant differences. This was not unexpected since the three readings at each station were nonblind. For the most part, there were similar findings for pseudo-precision among examiners and examinees, except for systolic pressure. Such a study is not difficult to conduct when the examiners are familiar with the instruments and the instruments are functional. In addition, subtle differences among instruments and among examiners can be detected in an unbiased manner.
These differences may be due to such factors as parallax or inadequate levels of mercury in the reservoirs of the sphygmomanometers. These factors were considered and rectified in future studies by raising the sphygmomanometers to eye level, by using an additional light source, and by adding mercury to the reservoirs to equalize the instruments. This experiment was a prepilot study in that there are many sources of variability in blood pressure readings. Future protocols take these factors into consideration.
A complete analysis of the data of this experiment is available from the authors. Louisiana. We used registered nurses, well-trained according to a specific protocol, to observe blood pressure on children with the mercury sphygmomanometer and the two automatic instruments. The experiment was conducted four times, twice for each sex with different children used in each replication.
The hypothesis that the four instruments -an Arteriosonde, a Physiometrics, and two mercury sphygmomanometers -measured the same on the average was rejected for both systolic (P < 0.05) and diastolic (P < 0.01) readings by using an analysis of variance for a Graeco-Latin Square design; however, multiple comparison tests between pairs of instruments failed to reject the hypothesis that the systolic means were the same. Diastolic readings on the Arteriosonde (x = 54.2 mm) were significantly lower than the diastolic readings on the Physiometrics (x = 62.7 mm) and each of the Baumanometers (x = 60.5 mm, x = 62.0 mm) each at the 0.01 level. The hypothesis that the four examiners measured the same was not rejected, nor was the hypothesis of equal mean pressure for the four time periods. The studies were effective in the testing of instruments capable of obtaining reproducible blood pressures in children under survey conditions and allowed comparison of measurements characteristic for each instrument.
Four Different Instruments
The fourth series of Graeco-Latin Square design studies was conducted at the LSUMC to test the Baumanometer, Arteriosonde, Physiometrics, and Zero Muddler. The latter two instruments gave blind measurements, thus allowing the evaluation of precision among the examiners. Trained physicians replicated the experiment four times on adult subjects.
The only differences for systolic pressures indicated significant by the Newman-Keuls test were those obtained by the Physiometrics, which gave significantly lower readings than the Arteriosonde (a second instrument was obtained because of low readings produced earlier). Similarly, for diastolic readings the Physiometrics was lower than the other three instruments. This was partly due to inexperience in reading the recordings, particularly the diastolic, properly. There appeared to be no significant differences among the four examiners. This study allowed comparisons of the levels of indirect blood pressure measurements to blind mercury sphygmomanometric readings on instruments working properly.
C. Field Studies
The final test for any blood pressure measuring device must be its use in the field by those observers who will do the recordings during the study. The reproducibility of observations in the field and agreement to reference methods are obviously important in conducting epidemiologic studies.
First Franklinton Field Study. In an examiner training session, and as part of a prepilot study to develop a fixed protocol for obtaining blood pressure measurements in children, some 215 school children were examined in Franklinton in April 1973. Each child was placed in random waiting order and measured three times in sequence by each of two mercury sphygmomanometers and by one of the two team consisted of three examiners each at a mercury sphygmomanometer station. Because the examiners remained at the station over the duration of the two-day study, differences among examiners rather than instruments were the prime focus of the study. For each team the examiner at one station had both systolic and diastolic readings lower than either of the examiners at the other stations. In most cases, these differences were statistically significant.
In addition, 17 of the children were rescreened; that is, they were examined a second time in the same order on the same instruments by the same examiner. To obtain an unbiased sample, the random drawing of the sample of children for rescreening was not revealed until all children had been screened initially. Although the sample was small, it did appear that the diastolic rescreenee readings for one examiner were higher than were the original readings. Although a true measurement error could not be calculated (due to time delay in obtaining rescreenee blood pressure) a within-examiner variability was calculated. For five examiners there appeared to be little variability in replicability. For diastolic readings, however, one of the examiners had a greater within-examiner variability than the other five examiners. Such observations can help determine the need for further training of examiners. The method of rescreening is a valuable research tool for studies attempting to obtain reliable blood pressure measurements in an epidemiologic survey.
D. Replicability within and among Readers of Automatic Blood Pressure Records
After the series of studies described above we selected the Physiometrics automatic recorder for indirect measurement of blood pressure in addition to the mercury Baumanometer. A major reason for selecting the former instrument was its provision of a permanent record in the form of a graph on a paper disc. The inherent difficulty in use of the instrument may not be its lack of recording reliability but the interpretation of its permanent records, especially for diastolic readings. In order to evaluate readings of these discs a study was conducted in July 1975 to evaluate reproducibility of readings. Specifically, the experiment was designed to measure the degree of agreement among four readers and the reproducibility of each reader. Since three discs are made for each subject observed, a second purpose of the experiment was to estimate the pseudo-measurement error of the instrument, with the assumption that the blood pressure was not altered during the three to four minutes required to obtain three readings.
Three discs from each of 112 subjects (randomly selected from children, aged 5-14 years, examined from September 1973 through May 1974) constituted the sample for this study. The 336 discs were divided randomly into four disc Table 3 contains the mean systolic and diastolic readings for each of the four readers, recorders, time periods, and disc packs. None of the pairwise differences among the readers, recorders, and time periods were significant at the 0.05 level. The systolic readings for disc pack D were lower (P < 0.05) than the readings for the other three disc packs while the diastolic readings for disc pack D were lower (P < 0.05) than the readings for disc pack A and disc pack C. Each mean is based on 336 observations.
Estimates of pseudo-measurement error by reader for both systolic and diastolic reading are given in table 4. The standard deviations for pseudo-measurement error for both systolic and diastolic readings were about the same for each reader; however, the coefficient of variation for this pseudomeasurement error was greater for diastolic readings due to the smaller magnitude of these readings. For each reader the first systolic reading was higher than the second reading (P < 0.05, except for reader 2, with P < 0.01) and the third reading (P < 0.01). No significant differences among the three diastolic readings were found. These observations can be interpreted to mean that the standard deviation corresponding to the replicability variance of any reading is on the average between 4 and 5 mm Hg for systolic and diastolic, respectively, due to either measurement aberration or short-term subject variability, or both. Table 5 gives the mean systolic and diastolic readings for the first and fifth time periods in which 84 discs were re-read by each examiner. The mean differences were significant for reader 4, for whom the second systolic reading was higher (P < 0.01) and the second diastolic reading was higher (P < 0.001). The first diastolic reading was higher for reader 2 (P < 0.05). The measurement error for the two readings was about twice as great for diastolic as for systolic readings, indicating the difficulty in assessing the diastolic measurement. The differences in readings, although significant, are rather small and are a measure of the reproducibility of reading the discs after training and adhering to a protocol. The observations suggest that this automatic instrument can be reliably used in a large survey, and resting indirect blood pressure measurements on children can be reproduced.
Discussion
The observations by a sole investigator obviously lend themselves to the necessary familiarization of the investigator with the instruments and their applicability for use in examining children. The two major techniques we used to assess instruments for obtaining indirect blood pressure measurements on children, the Graeco-Latin Square design and field studies, tend to complement each other. The Graeco-Latin Square design provides a method for eliminating bias and the effect of levels of blood pressure on the instruments and the performance of the observers. Unfortunately, thorough training of all participants and proper functioning of all instruments are necessary for its use. Studies done in the field not only evaluate the conditions under which a survey is to be conducted but can also help detect subtle differences obtainable only through many observations. 
